INTRODUCTION
Rock forming minerals may be crudely classified into two groups: (1) hydrous minerals in which, intrinsic to the mineral structure, hydrogen appears explicitly in the chemical formula, and (2) anhydrous minerals containing no essential hydrogen in their chemical makeup . Numerous previous studies have however revealed the widespread existence of diverse water species, including molecular water (H 2 O), hydroxyl groups (OH -), and structurally incorporated hydrous complexes (e.g., Si-OH or Al-OH), in minerals considered stoichiometrically anhydrous . Substitutional hydroxyl in nominally anhydrous minerals has been shown to potentially contribute significant quantities of water to the upper mantle (Bell and Rossman 1992; Ingrin and Skogby 2000) .
ABSTRACT
A micro-infrared spectroscopic study of hydrothermal vein quartz known to have anomalous dD signatures has identified two hydrogen reservoirs. In samples that generate an isotopic signature in accordance with that anticipated under the accepted model of quartz crystallization, submicroscopic aggregates of liquid water are the dominant hydrous species. Samples which generate an anomalous dD signature contain, in addition to liquid water, structurally incorporated hydrous species associated with impurity cations.
Infrared spectra obtained during in situ stepped heating experiments, coupled with infrared analysis at 25 ∞C, demonstrate that hydrogen liberated between 300 and 500 ∞C is chiefly molecular, liquid water. Hydrogen liberated at temperatures greater than 500 ∞C is dominantly that associated with specific structurally incorporated cation defects. Since both defect hydrogen and molecular water are contemporaneously incorporated from the precipitating medium during crystallization, we propose that irregular dD signatures, released following decrepitation at temperatures greater than 500 ∞C, are due to isotopically fractionated hydrogen released from interstitial OH defect sites in the quartz structure.
dD signatures obtained from stoichiometrically anhydrous minerals are generally interpreted under the assumption that the hydrogen measured comes uniquely from decrepitated fluid inclusions. Instead, we suggest that dD ratios obtained from hydrothermal quartz reflect a sum of the contributions made by individual hydrogen reservoirs, each with a potentially distinctive dD signature. Thus, if the overall dD signature is attributed entirely to fluid inclusion phases, the nature of the precipitating fluid may be misinterpreted. Hydrogen extracted as molecular water at between 300 and 500 ∞C provides a true reflection of the hydrothermal solution associated with crystal precipitation.
Due to its sensitivity to the O-H bond, the infrared spectrum between 3200 and 3600 cm -1 provides an extremely sensitive means for detecting minute concentrations of water in minerals . Trace "water" is well known to occur in natural quartz, where Al 3+ easily substitutes for Si 4+ in the SiO 4 tetrahedra and additional monovalent cations such as H + are incorporated to act as charge compensator ions situated in channels parallel to the c axis. Hydrogen atoms may also be incorporated into quartz as neutrally charged molecules (Ihinger and Zink 2000) . Because these hydrogen-bearing defects in silica strongly influence the quality of crystals used for the electronics industry (Dodd and Fraser 1967 ) the defect chemistry of silica has been examined extensively. Additionally, hydrous defects in quartz cause dramatic weakening of quartz crystals both in deformation experiments and in nature (Griggs and Blacic 1965; Kronenberg 1994; Kronenberg et al. 1986; Post and Tullis 1998) . Hydroxyl groups can be readily distinguished from water molecules by infrared spectroscopic analysis at low temperatures (Kronenberg 1994) .
Stable isotope ratios of O atoms (d 18 O) and hydrogen (dD) are extremely important geochemical tracers used to determine the origin of aqueous fluids in geological environments (Sheppard 1986) . Although oxygen isotope fractionation between fluids and minerals is widely documented in the literature (O'Neil 1986), the accurate measurement of hydrogen fractionation between anhydrous minerals and water is extremely difficult. Experimental determination of equilibrium fluid-mineral hydrogen fractionation factors have been determined solely for hydrous (stoichiometric "water" bearing) minerals. The contribution made by defect-related hydrogen to the overall hydrogen budget of a nominally anhydrous mineral is assumed to be negligible.
The acquisition of dD signatures from fluid inclusions, samples of geological fluids mechanically trapped during crystallization, provides an invaluable insight into the isotopic composition of ancient fluids. Owing to their microscopic dimensions (typically < 20 mm) direct determination of the dD signature of individual inclusions is extremely difficult. Isotopic analyses are commonly restricted to whole crystals that are crushed (Horita and Matsuo 1986; Kazahaya and Matsuo 1985; Kita 1981; Roedder 1958) or, more typically, thermally decrepitated. The interpretation of dD signatures obtained from stoichiometric anhydrous minerals commonly assumes that the hydrogen measured comes uniquely from decrepitated fluid inclusions and the resulting dD signature is attributed solely to this reservoir. Hydrogen-bearing species released following mineral decrepitation are assumed to be similar in composition to those of the medium from which the crystal grew (Ihinger and Zink 2000) .
Previous studies have postulated that non-fluid inclusion hydrogen reservoirs may contribute significantly to the dD signature of quartz (Ishiyama et al. 1999; Knauth and Eipstein 1975; Simon 1997; Simon 2001) . Ishiyama et al. (1999) suggested that hydrogen released following decrepitation at temperatures between 300 and 500 ∞C yield accurate isotopic compositions of the precipitating fluid. However, stepped heating experiments above 500 ∞C yielded increasingly anomalous dD signatures (Ishiyama et al. 1999 ). Here we report the results of an infrared spectroscopic investigation of hydrothermal vein quartz, known to have anomalous dD compositions, from southern Cornwall, U.K. Infrared spectra collected at increasing temperatures provide a mechanism for observing the liberation of different hydrous species from quartz and provide an opportunity to examine the potential cause of anomalous dD signatures.
GEOLOGICAL SETTING AND PREVIOUS WORK
The quartz samples examined in this study were recovered from a series of low temperature, base metal mineralized veins, hosted by Lower Palaeozoic rocks from Porthleven, Cornwall, southwest England. Detailed description of the geologic setting, petrography, vein composition and isotopic analysis of the vein system analyzed are given elsewhere (Gleeson et al. 1999) . Quartz in the sample has two distinct morphologies, (1) fine-grained, cloudy quartz, where individual grains measure several microns in diameter (Q1), and (2) coarse-grained, clear prismatic crystals measuring 5 mm to 1 cm in diameter (Q3) (Gleeson et al. 1999) (Fig. 1) .
Fluid inclusion data from each morphology are almost identical ( Fig. 1) suggesting that the mineralizing fluids were highly saline (27 wt% NaCl + CaCl 2 equiv.), low temperature (130 ∞C) brines, similar in composition to fracture fills found in Permo-Triassic basins to the south of the Cornubian Peninsula (Gleeson et al. 1999) . Further, no reliable correlation is observed between the concentrations of trace element impurities in quartz and vein morphology (Gleeson 1996) . O isotope analyses completed on samples Q1 and Q3, using conventional fluorination techniques (Clayton and Mayeda 1963) , revealed vein fluid d
18 O H 2 O values of between +3.5 and +5.7‰ (Gleeson et al. 1999) . dD values, obtained by thermal decrepitation (at approx. 1100 ∞C), which expels all hydrogen from the sample regardless of the position and type within the quartz (Simon 2001) , vary significantly between -39 and -103‰ (e.g., Fig. 1 ). Such anomalous dD values, accompanied by relatively constant d 18 O signatures, have been reported from inclusions with moderate to high salinity fluids, with a range of homogenization temperatures (<100 to 270 ∞C) in a number of different geological environments (Charef and Sheppard 1987; Foxford 1992; Kelly and Rye 1979; Munoz et al. 1997; Munoz et al. 1994; Wilkinson et al. 1995) leading to significant controversy regarding the origin of fluids in these systems. Several factors have been proposed to account for these irregular dD signatures (Charef and Sheppard 1987; Hall et al. 1991; Marvrogenes and Bodnar 1994; Munoz et al. 1994; Polya et al. 2000; Sheppard 1986; Sheppard and Charef 1986; Simon 1997 ). Post-entrapment changes by hydrogen diffusion through quartz (Hall et al. 1991; Marvrogenes and Bodnar 1994; Post and Tullis 1998) seem unlikely as no relationship between the relative age of the vein and the dD signature has been identified (Gleeson et al. 1999) . Fluid from high latitude and high altitude fluid sources (Sheppard 1986; Winograd et al. 1985) are inconsistent with paleolatitude and paleoaltitude estimates for the region at the time of vein formation (Briden et al. 1974 ). Mass balance calculations suggest that K-mica contamination of the samples would contribute insufficient water to the total water budget to generate sufficiently low values (Gleeson et al. 1999) . The geological environment of vein crystallization suggests that the formation of organic waters, which have compositions in the range -90 to -250‰, by the modification of organic compounds is unlikely (Gleeson et al. 1999 ). The present study addresses the results of several recent reports: (1) suggesting that different reservoirs in quartz may lead to the release of fluids with variable dD signatures (Simon 1997; Simon 2001) , and (2) detailing the results of a stepped heating isotopic study which describes the release of anomalous dD signatures at increasing temperatures (Ishiyama et al. 1999) .
ANALYTICAL TECHNIQUES
Spectroscopic analyses were performed on 200 mm thick, doubly polished fluid inclusion wafers of whole sections of hydrothermal vein quartz. The thickness of each wafer was measured using a micrometer. Individual wafers were first inspected under an optical microscope and regions free of fluid inclusions were selected for spectroscopic analysis. The large grain size and increased dimensions of the fluid inclusions in the coarse-grained sample (Q3) made identification of suitable regions for spectroscopic investigation easy. The fine-grained nature of Q1 made similar distinction between suitable and unsuitable regions for study more difficult. Due to the nature of the sample material, crystallographic orientation of the samples was not possible.
Infrared spectra were obtained using a Nicolet Protégé 460 Fourier Transform infrared spectrometer coupled with a Nicolet infrared microscope. The IR beam is reflected via a KBr beamsplitter and focused through the sample onto a liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector. A programmed aperture of 100 mm ¥ 100 mm was used to the collect spectra for each sample.
In situ, high-temperature infrared analyses were carried out on a Linkam THM600 heating/freezing stage placed on the sample stage of the infrared microscope. Stage temperature was regulated using a Linkam TMS92 control unit which controls the temperature with an accuracy of ± 0.5 ∞C. The temperature of the sample compartment was increased at a heating rate of 20 ∞C/min up to the desired value. To remove any possible contamination by adsorbed water, and in an attempt to replicate the initial isotopic analytical procedure (Gleeson et al. 1999) , samples were first heated to 100 ∞C prior to infrared analysis. Low-temperature analyses were performed on the same Linkam TH600 stage as described for the heating experiments. The sample compartment was cooled at a rate of 20 ∞C/ min to -150 ∞C by the flow of liquid nitrogen through heat exchange tubing surrounding the sample stage. To prevent freezing of atmospheric water on the specimens the stage was purged with N 2 gas. N 2 gas was also blown onto the double window of the sample compartment to prevent the extensive build-up of frost on the glass at low temperatures.
All infrared measurements were obtained using the transmission technique. Samples were placed directly onto the heating stage of the apparatus and infrared spectra were collected, initially at 25 ∞C, and then at 100 ∞C increments between 100 and 600 ∞C. Owing to difficulties in obtaining reasonable spectra at high temperature, a background reference spectrum was collected at 25 ∞C and stored on the computer. This was then subtracted automatically from the spectra resulting from the in situ, high-temperature analyses. Because the intensity of the absorption is reduced at high temperatures, difficulties in accurately determining the presence of hydrous species at high temperatures were encountered. To overcome these problems, at each high temperature increment, following collection of the high temperature spectrum, the sample was cooled to 25 ∞C using the heating/freezing stage and additional spectra were obtained. This technique permitted the resolution of individual hydrous species remaining after each successive heating increment.
All spectra were normalized to a 1 cm optical path length and absorption intensities were determined after subtraction of a linear baseline. According to the Beer-Lambert law, the intensity of the OH bands in a sample is proportional to its OH content. Sharp defect peaks were assumed to be superimposed upon the broad-band absorbance associated with molecular water. The intensity of broad-band absorbance was determined by subtracting the defect bands and integrating over the range 3800-2600 cm -1
. The lack of absorption anisotropy of the broadband absorbance at 3440 cm -1 in quartz suggests that measurement of this absorption should not be affected by crystallographic orientation of the sample. If D is defined as the integrated absorbance (in cm -2 ), the hydrogen concentration due to molecular water can be estimated ) using the following relationship: concentration in ppm (number of H per 10 6 Si ions) = 1.05 DH 2 O (cm -2 ), where DH 2 O = the integrated absorbance of the broad molecular water band. Concentrations of hydrogen defects were estimated by subtracting the broad-band water absorption and integrating the area under the remaining sharp peaks in the spectrum. The hydrogen contents of these bands were estimated using the experimentally calibrated equation of Kats (1962) : concentration ppm (number of H per 10 6 Si ions) = 0.812 DOH (cm -2 ), where DOH = the integrated absorbance of the defect bands. The relevant absorption coefficients for hydrogen defect species in minerals may also be determined using wavenumber dependant calibrations (Paterson 1982; Libowitzky and Rossman 1997) . We chose to use the experimentally determined absorption coefficients as determined by Kats (1962) to determine the hydrogen contents of the defect bands. Differences in the absorption coefficients obtained for the defect species in quartz using the wavenumber-dependant calibration described by Paterson (1982) and the experimentally determined values are discussed in Paterson (1982) . Variations in the water contents calculated using each of the different absorption coefficients described above are significantly less than the uncertainties introduced due to the attempted quantification of the highly polarized defects in un-orientated samples (Libowitzky and Rossman 1996) .
RESULTS

Characterization of hydrous species
In the infrared spectrum from the fine-grained quartz sample (Q1) obtained at 25 ∞C (Fig. 2) , the dominant broad absorbance (X on Fig. 2 ) centered at 3440 cm -1 closely resembles that of liquid water . Analysis at -150 ∞C displaces the absorbance band to 3200 cm -1 due to the freezing of molecular water (Fig. 2) . The dominant hydrous species in the fine-grained sample Q1 is molecular water.
In the spectrum obtained at 25 ∞C of the coarse-grained sample Q3, two dominant sharp absorption bands at 3485 and 3385 cm -1 are accompanied by several less intense shoulders at 3438 and 3321 cm -1 (bands Y and Z respectively in Fig. 2 ). Bands at 3385 and 3321 cm -1 are assigned to OH-stretching vibrations involving O atoms and interstitial hydrogen impurities, incorporated following the substitution of Si 4+ by Al 3+ Niimi et al. 1999 ) while those at 3485 and 3438 cm -1 are associated with Li-dependant hydrogen defects (Kronenberg 1994) . The exact speciation of these Li-dependant OH centers remains unclear (Paterson 1989) . At -150 ∞C sharp absorptions attributed to OH vibrations near to Al 3+ and Li + impurity cation defects, which are superimposed upon an asymmetric broad-band absorption due to frost on the sample, become sharper and more intense (Fig. 2) .
Concentration of hydrous species
The Beer-Lambert relationship states that at a constant sample thickness, the intensity of the band generated by an absorbing species is intimately linked to the absolute concentration of that species. Further, direct comparison of the molecular water component present in different samples is possible due to the near isotropic nature of the broad-band absorbance attributed to the species. Accordingly, measurement of this band details the relative contributions made by molecular water in each sample without any complicating factors due to varying crystal orientation. We subtracted the peaks at 3385 and 3485 cm -1 associated with Al-OH and Li-dependant OH centers, respectively, from the broad-band absorption generated by molecular water, and integrated the area under the remaining water peak (Fig. 2) . The integrated absorptions of the broad molecular water band centered at 3440 cm -1 are essentially identical in samples Q1 and Q3. Calculated molecular water concentrations of between 100 and 180 ppm (OH/10 6 Si) are found in both morphologies. However, in addition to this broad-band absorbance, sample Q3 also shows further bands which are associated with the vibrations of defect hydrogen species. This suggests that sample Q3 contains an additional hydrogen reservoir. Attempts to calculate the hydrogen contents of these defect species showed them to vary enormously. However, the significance of these calculations remains ambiguous as previous studies have shown that these sharp bands are strongly polarized; accurate quantification of these bands is difficult using our un-orientated samples. The hydrogen defect bands may show variable absorptions due solely to orientation effects. Hydrogen contents calculated from the spectra presented in Figure 2 translate to approximately 35 ppm (OH/10 6 Si).
IR bands at high temperatures
The infrared spectra of sample Q1, recorded between 2500 and 4000 cm -1 , during an in situ heating experiment from 25 to 600 ∞C are shown on Figure 3 . At 25 ∞C the spectrum is dominated by a single broad absorbance, centered at ~3440 cm -1 , associated with the molecular vibrations of liquid water. On the spectrum recorded at 100 ∞C a shoulder at 3577 cm -1 , which occurs at a frequency resembling that previously described and attributed to a hydrogen defect associated with Al (Niimi et al. 1999 ), begins to become apparent. As the temperature increases, the intensity of the 3440 cm -1 band decreases and the band at 3577 cm -1 becomes more pronounced. The intensity of the two peaks is equal in the spectra collected at 300 and 400 ∞C. The peak at 3577 cm -1 dominates the spectra recorded at 500 and 600 ∞C whereas the band at 3440 cm -1 is almost undetectable. Unlike many of the other bands observed, the band at 3577 cm -1 does not appear to be affected by heating; speciation of this band remains unclear. The high-temperature behavior of defect hydrous species in the coarse-grained sample Q3 was also examined between 25 and 600 ∞C (Fig. 4) . At 25 ∞C, less intense peaks at 3318, 3436, and 3580 cm -1 accompany more intense peaks at 3380 and 3480 cm -1 . Upon heating from 25 to 200 ∞C the number of visually identifiable peaks decreases from five to two. At 200 ∞C, the peak at 3321 cm -1 associated with Al-OH, along with that at 3438 cm -1 and an additional shoulder at 3510 cm -1 , both associated with Li-dependant OH vibrations, are no longer evident. At higher temperatures, significant broadening of the bands at 3485 and 3385 cm -1 coupled with a general reduction in the intensity of the absorbance associated with each band is observed. These changes may be attributed to (1) the removal of the absorbing species, or (2) decreased molar absorptivity with increased temperature. At 600 ∞C the appearance of a band at 3569 cm -1 similar to that described at high temperatures in sample Q1 is noted.
Stepped heating experiments
In order to establish whether the observed spectral changes are associated with variation in the absolute concentration of absorbing species of a sample, stepped heating experiments followed by subsequent infrared analysis at 25 ∞C were performed. Such analyses provide an accurate measure of the concentration of absorbing species remaining in the sample following each heating increment, without contamination of the vibrational characteristics of the sample due to changes in the crystal structure caused by the molecular response to increased temperature. Figure 5 displays the results of stepped heating analyses of Q1 measured at 200, 400, and 600 ∞C along with the spectra recorded at 25 ∞C, after cooling the sample from each corresponding temperature. On the spectrum recorded at 25 ∞C following heating to 200 ∞C, the intensity of the band centered at 3440 cm -1 , associated with molecular water in the sample, remains similar to that recorded before any heating experiments. In the spectrum recorded at 25 ∞C following heating to 400 ∞C the intensity of this band has been reduced (Fig. 5b ). An additional band at 3740 cm -1 also becomes evident in this spectrum. This band becomes increasingly clear in the spectrum recorded at 25 ∞C following heating to 600 ∞C (Fig. 5c) . The spectrum recorded at 25 ∞C following heating to 600 ∞C shows a further increase in the size of the 3740 cm -1 band and significant reduction in the band centered at 3440 cm -1 associated with molecular water. Figure 6 shows the results of stepped heating experiments performed on sample Q3. The analytical procedures employed were the same as those outlined for sample Q1 and shown in Figure 5 . Comparison between the infrared spectra of sample Q3 initially collected at 25 ∞C, then heated to 200 and cooled to 25 ∞C demonstrates that the absorption bands at 3321, 3438, and 3510 cm -1 are not permanently altered by the heat treat-FIGURE 4. Infrared absorption spectra of coarse-grained quartz sample Q3 at increasing temperatures from 25 to 600 ∞C. The inset numbers indicate the temperatures at which spectra were measured. ment. These bands are not evident at elevated temperatures but become apparent upon cooling to 25 ∞C (Fig. 6a) . Comparison of the these infrared band intensities, initially recorded at 25 ∞C prior to the heating experiment, with those obtained after the heating experiment, indicate that no significant loss of the absorbing species has occurred. Reduced band intensities at 3321, 3438, and 3510 cm -1 at temperatures above 200 ∞C are therefore interpreted to be associated with decreased molar absorptivity of the absorbing species at high temperatures, rather than actual physical loss of the species.
In contrast to the original spectrum recorded at 25 ∞C, the spectra collected from the coarse-grained sample Q3 measured in situ at 200 and 400 ∞C show only two pronounced peaks at 3485 and 3385 cm -1 (Fig. 4) . In situ analysis of sample Q3, heated to 400 ∞C then cooled to 25 ∞C, shows that the bands at 3438 and 3510 cm -1 associated with Li-dependant OH species have been permanently lost. We suggest that heating quartz to 400 ∞C effectively liberates these OH-related species from the sample (Fig. 6b) . Peak intensities of the bands associated with Al-OH defects at 3385 cm -1 and Li-dependant OH centers at 3485 cm -1 are identical to their original values prior to any heating indicating that absolute concentrations of these species are unaffected by heating of the sample to these temperatures.
At temperatures exceeding 400 ∞C two prominent bands at 3485 cm -1 and 3385 cm -1 continue to be recognized, although at higher temperatures these bands become progressively broader and reduced in intensity (Fig. 4) . A shift in the vibrational frequency of both centers to progressively higher wavenumbers at elevated temperatures is associated with the thermal expansion of the crystal (Suzuki and Nakashima 1999) . Analysis of the sample heated to 600 ∞C and cooled to 25 ∞C shows that the intensity of the absorptions at 3485 and 3385 cm -1 remain unaltered from the values recorded prior to any heating experiments (Fig. 6c) , while bands at 3510, 3438, and 3321 cm -1 have been eliminated. Our experiments show that heating quartz to 600 ∞C is insufficient to liberate Al-OH and Li-dependant OH species, which are responsible for absorptions at 3485 and 3385 cm -1 , from the sample.
DISCUSSION
Hydrous species in the samples
Although optical microscopy suggests that the fine-grained Q1 sample contains significantly fewer fluid inclusions than the coarse-grained Q3 sample, the dominant broad absorption centered at 3440 cm -1 demonstrates that, in both samples, submicroscopic aggregates of molecular water may be the volumetrically significant hydrous species. The presence of submicroscopic aggregates of liquid water in Q1 is further elucidated following infrared analysis at -150 ∞C (Fig. 2) . In sample Q3 sharp, narrow Al-OH and Li-dependant OH vibrations at 3385 and 3485 cm -1 are superimposed upon the vibrations caused by these submicroscopic water domains. Although the absolute concentration of molecular water present in the two samples may be similar, i.e., the integrated areas under the broad-band absorption centered at 3440 cm -1 in both quartz types are similar, the hydrogen defect population in the coarsegrained samples is sufficiently large to generate additional absorption bands superimposed upon the absorbance due to molecular water. This indicates that, although a molecular water component probably dominates in the sample, interstitially incorporated defect species represent an additional hydrogen reservoir. This is not the case in the fine-grained Q1 sample, which, as no absorptions due to Al-OH and Li-dependant OH are detected, apparently contains very little defect hydrogen (Fig. 2) .
Cause of anomalous dD signatures
Variations in temperature, incongruous isotopic composition of the parent fluid, disequilibrium effects, and isotopic frac- tionation into a mineral may all contribute to variations in isotopic signature (O'Neil 1986) . In the samples examined in the present study, fluid inclusion data shows that large variations in temperature cannot explain their anomalous dD signatures (Gleeson et al. 1999) . The contemporaneous incorporation of both fluid inclusions and trace elements (Sisson et al. 1993) suggests that crystallization from distinct parent media is improbable and parent fluids with sufficiently depleted signatures contradict the accepted model proposed for regional vein formation (Gleeson et al. 1999) . Because the coarse-grained sample Q3, which generates an anomalous dD signature, contains, in addition to a molecular water component, a potentially significant defect hydrogen reservoir, we suggest that hydrogen defects may explain the signature of the hydrogen released. The fractionation of hydrogen adsorbed onto quartz has been previously reported (Simon 2001) and, following inspection of the spectroscopic data obtained in this study, we suggest that fractionated hydrogen from defect sites in the mineral structure of sample Q3 was liberated resulting in the anomalous dD values.
The sign and magnitude of isotopic fractionation into a mineral may be influenced by temperature, pressure, chemical characteristics, and the crystal structure (O'Neil 1986) . It is well documented that structurally incorporated Al-OH centers form following the substitution of an Si 4+ ion with an Al 3+ ion. In order to retain charge neutrality, substitution of Si by Al needs to be charge compensated with the additional incorporation of a monovalent cation Kronenberg 1994; Paterson 1989) or by the replacement of an O atom by an OH molecule (Paterson 1989) . In quartz, Al-OH forms a hydrogen bond with another adjacent O atom and bond lengths of between 2.7 Å (Nakamoto et al. 1955 ) and 3.329 Å (Suzuki and Nakashima 1999) have been proposed. A relationship between short hydrogen bond length and deuterium content in minerals has been previously reported (Graham et al. 1980) . Pectolite uniformly produces the lowest dD values (-429 to -281 ‰) of any terrestrial mineral (O'Neil 1986) but also displays the strongest hydrogen bond known in any mineral (Hammer et al. 1998) . Even the most generous bond length estimates described for quartz (Suzuki and Nakashima 1999) suggest significant hydrogen fractionation into the Al-OH defects sites. Bifurcating Al-OH hydrogen bonds strongly influenced by several adjacent O atoms (Suzuki and Nakashima 1999) may further complicate the fractionation process. Because the light isotopes of water and hydroxyl tend to be incorporated until high temperatures are reached, isotopic fractionation is greatest at low temperatures. Accordingly, the anomalous dD ratios reported from (relatively) low temperature geological environments may be due to pronounced fractionation between the fluid and the structural defect sites in quartz.
Implications for hydrogen isotope studies
Fluid inclusion capture occurs at (1) kinks in crystal growth steps or (2) atomistic hollows or cracks on the crystal surface that are subsequently covered by successive growth steps (Sisson et al. 1993) . Following adsorption at crystal surfaces, impurities (trace elements) are enclosed within successive growth steps and are incorporated into the crystal structure. Fluid inclusions and trace elements represent samples of the same crystallizing medium sampled adjacent to the crystallization front during crystal growth. Contemporaneous incorporation implies that each of the two reservoirs should yield identical dD signatures. This is clearly not the case.
If we assume that (1) the dD signature released by fluidinclusion rich samples following decrepitation at temperatures up to 500 ∞C records the true dD signature of the original precipitating fluid (Ishiyama et al. 1999) , and (2) the dD signature released by defect-rich samples represents a composite signature of the original fluid composition and the hydrogen fractionated into defect sites of the quartz structure, simple mass balance can assess the concentrations of each reservoir needed to generate the observed dD signatures. The dD composition of the original precipitating fluid is accepted to be around -40‰ (Wilkinson et al. 1995) , while we estimate that of the defect hydrogen to be -200‰. This latter value equates to that of the most fractionated hydrogen signature actually recovered from the same quartz samples as studied here during stepped heating isotopic experiments (Gleeson et al. 2002) . Our calculations show that a contribution of less than 50% of defectrelated hydrogen to the overall hydrogen budget will generate the anomalous signatures observed in sample Q3 (Fig. 2) . Calculated water concentrations for sample Q3 (Fig. 2) show that charge-compensated OH defects in the sample account for approximately 30% of the total hydrogen budget of the sample. However, as these calculations have been performed under the assumption that the spectrum is of that of a crystal which is perfectly orientated with respect to the c axis, this value must be regarded as the minimum potential contribution. As the OH defects in quartz are strongly polarized, the intensity of a band generated by a given concentration of absorbing species will be significantly reduced if the beam passes through the crystal at an angle to the optical c axis. If, in an extreme case, the unpolarized beam is orientated at an angle of 45∞ to the optical c axis, this effect could almost double the calculated hydrogen contents of the defect bands. In this case, defect hydrogen concentrations will easily contribute a sufficient fraction to the overall hydrogen budget so as to generate the observed anomalous signature.
Significance of high temperature analysis
Although the defect structure of the Al-OH species is well constrained, the exact speciation of the Li-OH defect remains uncertain. Li-dependant OH and H-OH species may be incorporated as neutrally charged molecules (Ihinger and Zink 2000) . As these species are bound within the quartz lattice by quite different mechanisms, one might reasonably expect these species to respond differently to increasing temperature. Preferential liberation of any species within a temperature range would influence the isotopic signature obtained within that temperature interval.
Previous studies have shown that in quartz samples heated to 1000 ∞C, dehydration of the crystal effectively removes all Li-dependant OH molecules and aggregates of molecular water species from the crystal. However, even after heating to 1000 ∞C for one hour, structurally bound Al-OH defects re-main (Suzuki and Nakashima 1999) . In the present study, stepped heating experiments between 25 and 600 ∞C were carried out in an attempt to correlate spectral changes associated with the dehydration of the crystal, caused by the specific removal of aggregates of molecular water and Li-dependant OH species, with increases in anomalous dD signatures previously reported for hydrothermal quartz (Ishiyama et al. 1999) .
Previous workers have noted significant variance in the isotopic signature of hydrogen liberated from quartz at different temperatures (Ishiyama et al. 1999; Knauth and Eipstein 1975) . Ishiyama et al. (1999) noted that the hydrogen atoms released from quartz at temperatures up to 500∞C was similar in composition to that of the local meteoric waters whereas water released at elevated temperatures was significantly lighter in composition. They suggested that hydrogen liberated at less than 500 ∞C was meteoric in origin and attributed hydrogen released at greater than 500 ∞C to a different, unknown source. High temperature infrared analysis performed in this study suggests that at temperatures up to 500 ∞C H-OH species along with certain Li-dependant OH molecules are liberated in significant quantities. Our findings indicate that these centers, which are incorporated into the crystal structure as neutrally charged molecules (Ihinger and Zink 2000) , are more readily liberated at temperatures <500 ∞C than structurally incorporated hydrous (Al-OH) species. We suggest that, without any structural controls placed on the incorporation of these neutrally charged hydrogen species by the crystal structure, isotopic fractionation into each of the molecules is minimal and, in accordance with Ishiyama et al. (1999) , conclude that these reservoirs accurately record the isotopic signature of the precipitating fluid. High temperature infrared analysis suggests that certain Li-dependant OH species begin to be liberated at temperatures above 600 ∞C and are significantly depleted at 1000 ∞C (Suzuki and Nakashima 1999) . These workers found that Al-OH centers remain stable even following heating to 1000 ∞C for one hour. Accordingly, we suggest that rather than recording the isotopic composition of a discrete water source, hydrogen atoms released at temperatures exceeding 500 ∞C yield the isotopic composition of hydrogen which has been fractionated into structurally incorporated Al-OH and Li dependant OH defect sites during crystal growth.
